The heat shock response in Lactococcus lactis subsp. lactis was characterized with respect to synthesis of a unique set of proteins induced by thermal stress. A shift in temperature from 30 to 42°C was sufficient to arrest the growth of L. lactis subsp. lactis, but growth resumed after a shift back to 30°C. Heat shock at 50°C reduced the viable cell population by 103; however, pretreatment of the cells at 42°C made them more thermoresistant to exposure at 50°C. The enhanced synthesis of approximately 13 proteins was observed in cells labeled with 35S upon heat shock at 42°C. Of these heat shock-induced proteins, two appeared to be homologs of GroEL and DnaK, based on their molecular weights and reactivity with antiserum against the corresponding Escherichia coli proteins. Therefore, we conclude that L. lactis subsp. lactis displays a heat shock response similar to that observed in other mesophilic bacteria.
When organisms as diverse as bacteria, plants, or animals are suddenly shifted to a temperature significantly higher than their normal growth temperature or are subjected to certain other stresses, the synthesis of heat shock proteins is rapidly induced (25, 29) . In Escherichia coli, approximately 17 proteins are induced when the temperature is shifted from 28 to 42°C (28) . The synthesis of these proteins is activated transcriptionally by sigma 32 (also referred to as HtpR [14] ). The necessity of heat shock proteins for growth varies: some are absolutely required (8, 28) ; some are conditionally required, depending on the temperature or other conditions (4, 26, 28, 30) ; and some are dispensable (28) . The most characterized of the E. coli heat shock proteins are DnaK and GroEL, both of which have functions at normal growth temperatures as well as at heat shock temperatures. One reported function of GroEL is to act as a protein chaperone, aiding in the assembly of oligomeric proteins (11, 24) . DnaK has been reported to be involved in host as well as bacteriophage lambda DNA replication (9, 32) . Furthermore, homologs for E. coli DnaK and GroEL have been reported to be present in both eukaryotes (3, 27) and prokaryotes (1, 2, 13) .
Lactococcus lactis subsp. lactis (referred to previously as Streptococcus lactis) is important for a number of industrial applications (23) and it is frequently used as a starter culture for dairy fermentations. L. lactis subsp. lactis can grow between 10 and 40°C (5), but cells rapidly lose viability if they are subjected to temperatures greater than 45°C. How quickly they lose their viability depends on both extrinsic and intrinsic factors. Thermal death and the heat shock response in L. lactis subsp. lactis were studied to understand the physiological response of this organism to stress. Tween 20 (TBS-T), and then incubated for 1 h with a 1/2,000 dilution of either anti-DnaK or anti-GroEL antiserum in TBS containing 0.4% bovine serum albumin (BSA). The nitrocellulose membranes were washed three times for 5 min each time in TBS-T and subsequently incubated for 30 min with a 1/2,000 dilution of biotinylated anti-rabbit immunoglobulin in TBS containing 0.4% BSA. After the membranes were washed three times for 5 min each time with TBS-T, they were incubated for 2 h with a 1/2,000 dilution of horseradish peroxidase-strepavidin in TBS. Finally, the membranes were washed twice with TBS-T and once with TBS and developed in a solution containing 17% methanol, 0.5 mg of 4-chloro-1-naphthol per ml, and 0.02% hydrogen peroxide (vol/vol).
MATERIALS AND METHODS

RESULTS
Effect of heat shock on growth of L. lactis subsp. lactis. The temperature which would arrest the growth of L. lactis subsp. lactis was determined by observing the change in optical density at 600 nm of cultures that were shifted from 30°C to either 42 or 50°C for 30 min before being shifted back to 30°C (Fig. 1) Viable cell counts on M17G agar were performed both before and after heat shock at 42 and 50°C. In addition, the protective effect of pretreating the culture at 42°C for 10 min prior to exposure at 50°C was studied. Before heat shock, the cell density was approximately 1.6 x 108 CFU/ml. Colonies appeared on plates after 14 h from a culture grown at 30°C and a culture heat shocked at 42°C for 30 min. Although a small fraction of colonies did appear after 14 h from cultures heat shocked at 50°C for 30 min with or without a 42°C pretreatment, the majority did not appear until after 72 h of incubation at 30°C. Following the heat shock at 42°C, the number of viable cells was 1.8 x 108 CFU/ml, which is slightly lower than the 2.4 x 108 CFU/ml which was observed in the culture grown exclusively at 30°C. After the heat shock at 50°C, the number of viable cells was 3.9 x 107 CFU/ml for the culture which was preheated at 42°C for 10 min but only 1.6 x 105 CFU/ml for the culture which was not preheated. The 50°C heat shock was clearly deleterious to the cell; however, there was a 240-fold increase in cell viability when a culture was preheated at 42°C for 10 min prior to a heat shock at 50°C.
Effect of heat shock on pattern of protein synthesis. (Fig. 2 ). An examination of 35S-labeled protein extracts with SDS-PAGE gave a better estimation of their molecular weights (Fig. 3) ducted to see whether any heat shock proteins of L. lactis subsp. lactis were related to those found in E. coli. A lactococcal heat shock protein with an Mr of 67,000 crossreacted with anti-GroEL antiserum, and its synthesis was significantly induced at 42°C compared with cultures grown at 30°C (Fig. 4A) . The Mr of the lactococcal heat shock protein was the same as that of E. coli GroEL. There were some other immunoreactive proteins in the E. coli extracts which may reflect either cross-reacting antigens or the purity of the GroEL preparation used to immunize the rabbits. (15) . In E. coli, VanBogelen et al. (37) expressed sigma 32 under the control of the tac promoter, and although heat shock proteins were induced, the cells were not thermotolerant.
We have also examined the induction of lactococcal proteins upon infection of bacteriophage c2 (21 (8) , (ii) required for the correct assembly of several different bacteriophages (9, 10, 39) , and (iii) involved in host DNA replication (7, 19) . Furthermore, GroEL has been shown to be homologous to ribulose-1,5-biphosphate carboxylase-oxygenase binding protein (16) and to assemble ribulose-1,5-bisphosphate carboxylase-oxygenase oligomers in vivo (11) . There are immunologically crossreactive heat shock proteins in both eukaryotes and prokaryotes that cross-react with antiserum against E. coli GroEL (1, 2, 13, 27) . On the basis of immunoreactivity and molecular weight, it is very likely that the 67-kDa lactococcal heat shock protein is a GroEL homolog.
We also identified a heat shock protein in L. lactis subsp. lactis with an Mr of 76,000 that cross-reacts with anti-DnaK antiserum. DnaK acts as modulator of the heat shock response (36) and is necessary for normal growth at all temperatures (4). E. coli DnaK has been reported to be homologous to a protein found in the prokaryote C. crescentus (12) and to the Hsp70 family in eukaryotes (3). In addition, heat shock proteins that cross-react with antiDnaK antiserum have been found in B. subtilis and P. aeruginosus (1, 2) . Thus, on the basis of immunoreactivity and experimentally observed molecular weight, it is very likely that the 76-kDa lactococcal heat shock protein is a DnaK homolog.
In E. coli, GroEL and DnaK are among the most abundant proteins both at normal growth temperatures and during heat shock (28) . Although there is approximately a 5-to 10-fold transient increase in their synthesis upon heat shock, the total pool size does not increase noticably as measured by Western immunoblotting, but this increase is readily apparent in pulse-labeling experiments (data not shown). However, in L. lactis subsp. lactis, we did observe significant increases in the amount of both GroEL and DnaK using both Western immunoblotting and pulse-labeling. This suggests that the fold induction of both heat shock proteins in L. lactis subsp. lactis is significantly greater than that in E. coli.
